ABSTRACT In this paper, a new attribute control chart using multiple-dependent state repetitive sampling is designed. The operational procedure and structure of the proposed control chart is given. The required measures to determine the average run length for in-control and out-of-control processes are given. Tables of ARLs are reported for various control chart parameters. The proposed control chart is more sensitive in detecting a small shift in the process as compared with the existing attribute control charts. The simulation study shows the efficiency of the proposed chart over the existing charts. An example is given for illustration purpose.
I. INTRODUCTION
Product quality has become one of the most important issues that distinguish commodities in a global business market. Two important techniques for ensuring quality are statistical process control charts and acceptance sampling plans [1] . The control charts can be used in education, pharmaceutical industry, nuclear engineering, and analytical laboratories as well as in manufacturing [2] . It helps produce a product according to the given specification limits by monitoring the quality beforehand [3] .
The data from a production process can be classified into two types such as attribute data and variable data. The attribute control charts such as p (or np) chart, c chart and u chart are used for attribute data while the variable control chart such as X-bar chart and S-chart are used for variable data. Many authors have worked on the design of attribute and variable control charts. For example, [4] focused on the development of np chart using a variable sample interval. [5] designed an economic method of an attribute control chart. [6] designed double-and triple-sampling X-bar chart using a genetic algorithm. [7] proposed X-bar chart using double and triple sampling. [8] proposed a variable control chart using Taguchi loss function. More details can be found in [9] and [10] , [11] , [3] and [12] .
Mostly, the control charts are designed using single sampling. But, there are some sampling schemes such as repetitive sampling and multiple dependent state (MDS) sampling, which are more efficient than single sampling in terms of the sample size. [13] introduced repetitive sampling in the area of control charts. [14] designed a control chart using MDS sampling. In single sampling, a sample is selected from the production process and the decision about the state of process is made on the information obtained from this single sample. On the other hand, a repetitive sampling scheme allows sampling to be repeated when the engineer cannot make a decision based on the first sample. The MDS sampling is also used when there is no decision on the basis of the first sample. In MDS, the decision about the state of process is made if ''i'' preceding subgroups are declared as in control or not. The multiple dependent state repetitive sampling (MDSRS) is a mixture of both repetitive sampling and MDS sampling. It is expected that a control chart using MDSRS sampling will be more efficient in detecting the early shift in the manufacturing process. [15] designed a sampling plan using MDSRS sampling in the area of acceptance sampling plans. They showed the efficiency of this plan over the existing sampling plans in terms of average sample number. [14] designed an attribute control chart using MDS sampling. [16] proposed attribute and variable control charts using repetitive sampling. MDSRS sampling which is more efficient than MDS sampling and repetitive sampling was not introduced in the area of control chart. By exploring the literature, it came to our knowledge that there is no works available in the area of control charts using MDSRS sampling. In this manuscript, a new attribute control chart using MDSRS is designed. The operational procedure of the proposed control chart is given and the required measures to determine the average run lengths (ARLs) for in-control and out-of-control processes are given. Tables of ARLs are reported for various control chart parameters. The proposed control chart turns out to be more sensitive in detecting a smaller shift in the process as compared to the existing attribute control charts. The simulation study also shows the efficiency of the proposed chart over the existing charts.
II. DESIGN OF PROPOSED CHART
In this section, the operational procedure of the proposed attribute control chart is given. The proposed attribute control chart is called as an np control chart using MDSRS.
Step-1: A random sample of size n is selected at each subgroup from the production process and count the number of defectives D, say .
Step-2: The process is declared to be in-control if LCL 2 ≤ D ≤ UCL 2 . The process is declared to be out-ofcontrol if D ≥ UCL 1 or D ≤ LCL 1 . Otherwise, go to Step-3. Here, LCL 1 , UCL 1 , LCL 2 and UCL 2 are four control limits that should be constructed using the data when the process is in control.
Step-3 : Declare the process as in control if i preceding subgroups have been declared as in-control. Otherwise, repeat the Step-1. Here, the value of i may be specified by an engineer.
The operational procedure of the proposed control is based on four control limits namely, LCL 1 , UCL 1 , LCL 2 , UCL 2 and two control coefficients namely k 1 and k 2 .
These four control limits are given as follows
where p 0 is the fraction defective when the process is incontrol and it should be estimated by data when it is not known. [14] proposed an np control chart using MDS sampling. The MDS sampling is quite different from MDSRS. In MDS sampling, when the plotting statistic lies between UCL 2 and UCL 1 or LCL 2 and LCL 1 , the process is declared as in-control if i preceding subgroups have been declared as in-control but is declared as out-of-control without further repetition, otherwise. MDSRS sampling have some advantages over MDS sampling and it allows to repeat the process if the decision about the state of process cannot be reached with i preceding subgroups. Several existing attribute control charts are special cases of the proposed chart. The proposed control chart becomes the traditional attribute Shewhart control when k 1 = k 2 and UCL 2 = LCL 2 . The proposed control chart reduces to [14] chart when no repetitive sampling is allowed. The proposed control chart becomes [16] chart when i = 0.
A. ARL FOR IN-CONTROL PROCESS
The probability of declaring as in-control on the basis of a single subgroup and MDS sampling is given as follows
The probability of repeated sampling is given as
The probability of declaring in-control for the proposed MDSRS control chart when the process is in control is given as
The performance of the proposed control chart will be assessed using the average run length (ARL). The ARL when the process is in-control is given as follows
B. ARL FOR SHIFTED PROCESS
Now, we will derive some necessary measures for the shifted process. Suppose that the process has shifted from in-control fraction defective p 0 to p 1 = p 0 +cp 0 , where c shows the shift constant in the process. The probability of declaring incontrol on the basis of a single subgroup and MDS sampling VOLUME 5, 2017 for the shifted process is given as follows
The probability of repeated sampling for the shifted process is given as
The probability that the process is declared as in control for the shifted process is given as follows
The ARL for the shifted process is given as follows
The following algorithm is used to determine the control coefficients k 1 , k 2 and ARL 1 .
Step-1: Specify the target in-control ARL, r 0 , p 0 and i.
Step-2: Determine the values of k 1 and k 2 for which ARL 0 ≥r 0 .
Step-3: Determine the values of ARL 1 using the selected values of k 1 and k 2 Tables 1-4 are presented for various values of the shift constant in the process, specified values of ARL, say r 0 and number of preceding subgroups i. Table 1 is presented when r 0 = 300 and i = 2. Table 2 is presented when r 0 = 370 and i = 2. Table 3 is presented when r 0 = 300 and i = 3. Table 4 is presented when r 0 = 370 and i = 3.
From Tables 1-4 
III. COMPARATIVE STUDIES
In this section, we compare the efficiency of the proposed control chart over the existing attribute control charts in terms of ARLs. A. PROPOSED CHART Vs [16] CHART [16] proposed an attribute control chart using a repetitive sampling scheme. [16] showed that the attribute control chart using this sampling scheme performs better than the Shewhart control chart. To save the space, the comparison of the proposed chart with [16] chart is presented only when ARL 0 = 370, p 0 = 0.1, n = 82 and i = 3 in Figure 1 . From Figure 1 , it can be seen that the proposed control chart performs better than [16] chart in terms of ARLs. The proposed control chart has ability to detect early shift in the process as compared to [16] at all values of given shift constants. For example, when p 1 = 1.01, the value of ARL from the proposed control chart is 338, while it is 387 from [16] chart.
B. PROPOSED CHART Vs [14] CHART [14] proposed an attribute control chart using the MDS sampling scheme. [14] showed that the attribute control chart using this sampling scheme performs better than the Shewhart control chart. To save the space, the comparison of proposed chart with [14] chart is only presented when ARL 0 = 370, p 0 = 0.4, n = 98 and i = 3 in Figure 2 . From Figure 2 , it can be seen that the proposed control chart performs better than [16] chart in terms of ARLs. The proposed control chart has ability to detect early shift in the process as compared to [14] chart at all values of given shifts. For example, when p 1 = 1.07, the value of ARL from the proposed control chart is 102, while it is 116 from [14] chart. 
IV. SIMULATION STUDY
This section presents the efficiency of the proposed control chart over two existing charts using simulation data. The data is generated using the binomial distribution by considering that the process is in-control at p 0 = 0.20, and n = 46. The first 10 observations are generated from incontrol process and next 20 observations from a shifted process at p 1 = 0.30. The tabulated value of ARL is 18 when ARL 0 = 370. The number of defectives at each subgroup is given as D : 7 , 7, 8, 10, 9 , 6, 9 ,16 , 6 , 9 , 8 ,11 , 9 , 9 , 5 ,13, 12 , 7 ,10, 11, 9, 8, 9, 10, 10,10, 12, 14, 15, 9, 9, 15, 8, 14, 16, 18, 12, 15, 12, 8 The values of D are plotted on the control chart with four control limits given in Figure 3 . From Figure 3 , it can be seen that proposed control chart detects the shift at the 15 th sample. It can be also seen that several points are in-decision state. The values of D are also plotted on the chart by [16] in Figure 4 . This figure clearly indicates that process is declared to be incontrol although two points are located on in-decision state. The similar behavior can be noted in Figure 5 for the chart by [14] .
V. INDUSTRIAL EXAMPLE
In this section, the proposed control chart is applied on data about number of nonconformities observed in 40 samples of 46 printed circuit board. The similar data is also reported in [9] . Let ARL 0 = 370, i = 3 and p 0 = 0.20. The data is given as follows D : 6, 9, 10, 7, 11, 6, 9, 8, 10, 7, 10, 13, 9, 8, 8, 7, 10, 12, 9, 7, 12, 8, 12, 7, 7, 7, 8, 11, 9, 5, 11, 6, 6, 9, 6, 8, 8, 11, 7, 8 The values of D is plotted on the proposed control chart as in Figure 6 . The Figure 6 shows that the process is declared as in-control. But, from Figure 6 , it can be noted that 12 th sample is in-decision state, but three previous points 9, 10 and 11 are in-control states, so we will continue the process stating it as in-control. Similarly, 30 th sample is in-decision but previous three subgroups are in-control. So, it can be declared that the process is in-control.
VI. CONCLUSIONS
A new attribute control chart is presented in this paper. The structure of proposed chart and some tables are given for the practical use. From comparative study, it can be seen that the proposed chart performs better than the existing control charts in terms of ARL. The efficiency of proposed chart is demonstrated by a simulation study. The proposed control chart can be applied in the industry for better monitoring of process. The proposed chart using some other sampling schemes can be extended for future research. The proposed control chart can be extended for multivariate problems such as [17] as future research. 
